Energy expenditure at rest and in response to a meal and to an infusion of noradrenaline was measured in 12 lactating women and compared with that in seven bottle feeding women and seven non-pregnant, non-lactating controls. The energy response of the lactating women was remeasured after lactation stopped. During lactation the resting metabolic rate was unaltered but there was a reduced response to infusion of noradrenaline and to a meal, which increased to normal control values after lactation stopped. Such reductions in expenditure were not found in women who had been bottle feeding and were tested at a similar six to eight weeks post partum.
Introduction
It has become apparent over the past few years that a discrepancy exists between theoretical estimations of the energy requirement for lactation and actual intakes. The National Research Council, which published its report of recommended dietary allowances in 1980, suggested that the average lactating woman requires at least an extra 2 09 Mi (500 kcal) of energy above the non-pregnant, non-lactating requirement of 8 79 MJ (2100 kcal).' Nevertheless, recent dietary surveys in developed countries performed on well nourished women with healthy babies have consistently found that the energy consumed is considerably lower than the recommended amount." In addition, similar surveys performed on poorly nourished women in Third World countries have shown that appreciable quantities of Ninewells Hospital and Medical School, Dundee DD1 9SY P J ILLINGWORTH, MB, CHB, research fellow, department of obstetrics and gynaecology R T JUNG, MD, FRCPED, consultant physician, department of medicine P W HOWIE, MD, FRCOG, professor of obstetrics and gynaecology P LESLIE, BSC, MRCP, research fellow, department of medicine T E ISLES, BSC, PHD, senior lecturer in clinical biochemistry, department of biochemical medicine Correspondence to: Dr Jung. milk can be produced to nourish a growing infant for a year or more despite energy intakes as low as 6-69-7-54 MJ (1600-1800 kcal) a day.46 It has been suggested that this discrepancy might be due to some alteration in the efficiency of maternal physiology during lactation that enables the mother to conserve energy and hence subsidise the cost of her own milk production.2 We report a study investigating whether such a reduction in maternal energy expenditure occurs during lactation.
Methods
We studied 26 healthy, normotensive, non-smoking euthyroid women. Twelve were breast feeding and seven bottle feeding; seven women who had not recently been pregnant and were not lactating were recruited from hospital staff and are referred to as the controls. We encountered difficulty in recruiting women who were bottle feeding, which explains the low number of such women studied. Table I gives details of the age, weight, and body mass index of the women. None of the women were obese as defined by a body mass index greater than 28-6 kg/m2. Skinfold thickness was measured at the suprailiac, subscapular, triceps, and biceps sites.7 After the measurements of metabolic rate the women studied post partum kept weighed dietary inventories for seven days under the supervision of a dietitian. The composition and energy content of the ingested foodstuffs were calculated using standard tables.x The weight of each subject post partum was recorded at twice weekly intervals using calibrated scales for 14 weeks after delivery.
Measurements of metabolic rate were performed in both postpartum groups six to eight weeks after delivery and were repeated in the breast feeding group five to 12 weeks after lactation stopped completely, at a median time of nine months (range six to 14 months) after delivery. In the control women and in the postlactational phase, measurements were conducted during the follicular phase of the menstrual cycle.
Metabolic rate was measured by an indirect ventilated hood technique with oxygen consumption and carbon dioxide output monitored by paramagnetic (Taylor, Servomex) and infrared (SS-200, Analytical Development Company) analysis respectively. From these data energy expenditure was calculated using the formula of Weir9 and expressed in equivalent units of heat production-namely, kJ/min. After a 12 hour fast the resting metabolic rate was measured after the subjects had rested supine for a minimum of 40 minutes at a thermoneutral temperature of 25-276C. This measurement was performed over 20 minutes on two successive mornings between 0900 and 1000 in each subject. The values given are the means of the two evaluations. There was a close correlation (r=0 88, p<0001) between the paired measurements of resting metabolic rate.
Energy expenditure was further assessed by measurement, on successive mornings, of the increase in metabolic rate in response to a test meal and to an infusion of noradrenaline. The change in metabolic rate was monitored continuously for 120 minutes after ingestion of the test meal, which was a 437 438 standard liquid formula meal consisting of Carnation Build-Up (Carnation Food Co, London) reconstituted in milk to have a final protein:carbohydrate:fat energy ratio of 1-5:3-3:2-2. The test meal at room temperature was administered orally, the amount being calculated to provide 41 kJ (9-8 kcal)/kg ideal body weight. For venous blood sampling a 19 gauge Abbott cannula was inserted into a brachial vein and kept patent with a few ml of 3-8% (w/v) sodium citrate BPC. The subjects then rested supine for 30 minutes before the resting metabolic rate was measured and for 50 minutes before basal blood samples were withdrawn for analysis. Venous blood samples were taken 30, 60, 90, and 120 minutes after the test meal and analysed for glucose and insulin. Blood samples were also taken 15, 30, and 45 minutes after the start of the infusion of noradrenaline and assayed for total free fatty acids and glycerol.
Plasma glucose concentration was assayed by an enzymatic-colorimetric method adapted from the method of Trinder,'3 insulin concentration with a double antibody radioimmunoassay kit (Cambridge Medical Diagnostics Inc), and glycerol concentration by a fully enzymatic method (Boehringer Co Ltd triglycerides kit No 125032) with lipases and esterases removed. Total free fatty acid concentrations were measured by an extractionphotometric method according to the method of Chromy et al. 14 The prolactin response to suckling was measured in the lactating women according to the protocol described by Howie et al.' This was done between 1000 and 1200 on a different morning in the same week as the metabolic tests. Blood was taken through an indwelling venous cannula 10, 20, 30, 45, 60, 90, and 120 minutes after the start of suckling, and serum prolactin concentrations were assayed with a single antibody, solid phase separation radioimmunoassay kit (Chelsea Hospital for Women).
Ethical approval for the study was obtained from the ethical committee of Tayside Health Board, and fully informed consent was obtained from each subject. Statistical analysis was by Student's paired t test for the within group analysis of lactation compared with the postlactational phase and by Student's unpaired t test for between group analysis. A multivariate program (Multivar 1-3, Tecpac, Amazon Microsystems) was used for multiple regression analysis of the metabolic response to the test meal and to infusion of noradrenaline with basal, peak, and the incremental rise in prolactin concentrations and their logarithmic equivalents in response to suckling. The cumulative incremental response was calculated from the area under the response curve. The results are expressed as means (SD).
Results
Anthropometry-The women who were breast feeding and those who were bottle feeding were similar with regard to weight, height, body mass index, and fat mass, although those who were bottle feeding were significantly younger by a mean of 3-3 years (table I) . The rate of loss of weight by the lactating women during the postpartum period (0-37 (0-14) kg/week) was similar to that of the women who were bottle feeding (0 34 (0 26) kg/week). The weight of the lactating women during the week when the metabolic studies were repeated after lactation had stopped (64-9 (7 3) kg) did not differ significantly from that measured at the sixth week of lactation (94) kg). Energy response to the mixed meal-After ingestion of the meal all groups showed an appreciable and sustained increase in metabolic rate (fig 1) . Table  II compares the cumulative incremental response between the three groups. The response to the meal of those lactating was significantly less than that shown by the controls (p<001). Figure 1 shows that the response to a meal during the second hour was decreased in those who were lactating compared with those who were bottle feeding (p<005 at 75 minutes). When the cumulative incremental responses were compared, however, no significant differences were found. When the measurements were repeated after lactation had stopped the metabolic response had risen and was similar to that of the controls. When the responses to the meal in the first and second hours were analysed separately the diminished energy expenditure of the lactating group was found to be more apparent during the second hour after the meal, when the difference in response between lactational and postlactational phases was significantly lower at the 1% level.
Response to infusion of noradrenaline-During the infusion of noradrenaline all subjects showed an appreciable increase in energy expenditure (fig 2) . The cumulative incremental rise in metabolic rate (table II) was least pronounced in the lactating group, being significantly lower than that in both the bottle feeding group (p<005) and the controls (p<002 
Responses of glucose and insulin concentrations to the meal-There was no difference in fasting plasma glucose concentrations between the breast feeding group during lactation, the bottle feeding group, or the controls (fig 3) . groups (6-96 (0 84) mmol/1 (125 (15) mg/100 ml) in the breast feeding group; 6-40(0 64) mmol/l ( 15(12) mg/100 ml) in the bottle feeding group; and 7 04 (0 68) mmol/l (127 (12) mg/100 ml) in the control group). After lactation had stopped the fasting plasma glucose concentration was significantly higher (5 59(0 40) mmol/1 (101 (7) mg/100 ml)) than that measured during lactation (5 15 (0 44) mmol/l (93 (8) mg/100 ml); p<002) and the glucose response remained relatively higher (p<0O001 at 90 and 120 minutes) after ingestion of the meal. Nevertheless, when the incremental responses of plasma glucose concentration to the meal were compared no significant differences were noted (lactational v postlactational phases: at 30 minutes 1-81 (0-81) mmol/l (33 (15) (13) mg/100 ml)). Although fasting insulin concentrations were similar in all three groups, the insulin response to the meal was significantly lower in the lactating women (fig 3) . Once lactation had finished the insulin response to the meal was significantly higher than it had been during lactation and was similar to that in the control group.
Response offatty acid and glycerol concentrations to infusion of noradrenaline -Fasting plasma free fatty acid concentrations were similar in all three groups (table III) , as was the increase in concentrations in response to infusion of noradrenaline. After lactation had stopped the fasting plasma free fatty acid concentrations both basally and in response to infusion of noradrenaline were significantly lower than those observed during lactation. Plasma glycerol concentrations basally and in response to infusion of noradrenaline were similar in all three groups (table III). After lactation had stopped, however, basal plasma glycerol concentrations were not reduced, although the response of glycerol to noradrenaline was significantly lower (p<O-Ol) after 45 minutes of the infusion than that observed during lactation.
Prolactin concentrations-The lactating women had a median basal prolactin concentration of 644 mIU/l (range 186-2297 mIU/l) with a median peak concentration after suckling of 2258 mIU/l (range 259-6144 mIU/l). No significant correlation was found within the lactating group between the metabolic response to either a test meal or infusion of noradrenaline and basal or peak prolactin concentrations, the incremental rise in prolactin concentrations, or their logarithmic equivalents.
Discussion
All expert committees responsible for defining recommended dietary allowances have reasoned that there should be a substantial increase in energy intake during lactation.' 16 These recommendations are based on three major assumptions. The first is that the average woman produces 850 ml milk a day containing roughly 3 kJ (0 7 kcal) energy/ml. As the efficiency of conversion of maternal to milk energy is 80-90% the energy cost of producing 850 ml milk a day will be 3-14 MJ (750 kcal)/day. This assumption, however, may be an overestimate of the actual energy intake of breast fed infants. 7 The second assumption is that the extra 2-4 kg body fat stored during pregnancy will be used during the first three months of lactation to subsidise the energy cost of milk production and as such would provide 105 MJ (250 kcal)/day. Hence an extra input of 2-09 MJ (500 kcal) of energy a day during lactation is recommended. The expert committees consider that this is a minimum requirement as a higher energy intake would be required after the third month, once the extra body fat stored during pregnancy had been used up. A higher energy intake would also be required if the gestational gain in body fat was subnormal or if more than one infant was nourished.'
The third major assumption is that other aspects of maternal nonlactational energy expenditure are not reduced to help subsidise the energy cost of milk production. Experiments in rodents have cast doubt on this basic assumption by showing an enhanced efficiency of maternal metabolism during lactation. Brown adipose tissue plays a major part in modulating energy expenditure in rodents in response to cold and overfeeding. During lactation rodent brown adipose tissue thermogenesis is reduced,' as can be shown by a decrease in guanosine diphosphate binding, diminished brown adipose tissue lipogenesis,'9 and reduced energy expenditure in response to infusion of noradrenaline.20 These changes result in a substantial reduction in the non-lactational energy expenditure of the rodent and are reversed once lactation has stopped.
Whitehead et al have suggested that such a reduction in energy expenditure might also occur in lactating women.2 In their study of lactating women they found that the daily energy output in milk exceeded the extra energy derived from intake and fat loss by an average of 0-46 MJ (110 kcal), suggesting an apparent efficiency of 127%; this finding could be accounted for only by a substantial compensatory alteration in the non-lactational component of the mother's physiological efficiency.
Our work indicates that some non-lactational aspects of energy expenditure are reduced in breast feeding women, for in the two dynamic tests of energy expenditure that we used expenditure was reduced during lactation. These modifications in expenditure were not a consequence of the weight of the women or related to any "recovery" adjustment after pregnancy, for a normal response was seen in the women who were bottle feeding, who were of similar weight and body mass index, were measured at a similar time post partum, and had a similar weight loss after pregnancy. We doubt whether the mean age difference of 3 3 years is of any consequence as the breast feeding women and controls were of a similar age and the controls had similar metabolic responses to the bottle feeding group. Moreover, previous work using a similar meal and similar infusion concentrations of noradrenaline in lean women of mean ages 39 and 47 years respectively produced responses comparable with those seen in our younger controls. 12 21 The mechanism by which such efficiency is achieved is not clear. Although brown fat can be identified in women, its importance in terms of energy appears to be so slight that in our opinion it could not account for any enhanced efficiency during lactation.228
Furthermore, it is probably skeletal muscle and not brown fat that is the tissue of prime importance with respect to the thermic effect of 23 sympathomimetics in man.
Changes in insulin sensitivity alter energy expenditure in man.2425 It is possible that insulin sensitivity is increased during lactation as the insulin response to the meal was lower in those who were breast feeding despite identical glucose responses in all groups. Enhanced insulin sensitivity would favour lipogenesis (the utilisation of glucose and fat in milk production) and would reduce energy expenditure due to oxidation of fat. Lactating animals exhibit a similar phenomenon, with lower insulin concentrations during lactation and subsequent reversal once lactation has stopped. 26 Nevertheless, we observed that energy expenditure was reduced in response to infusion of noradrenaline during lactation despite similar lipolytic responses, as shown by similar rises in plasma free fatty acid and glycerol concentrations, to those in the bottle feeding women. This would suggest that any change in insulin sensitivity at the white adipocyte level is slight. Recent experiments in rats have helped to shed some light on this problem. At parturition the number of insulin receptors increases in mammary epithelial cells but decreases in white adipose tissue, favouring a movement of fat from the white adipose stores to milk formation in the mammary gland.27 At the end of lactation these receptor changes are reversed, but they can be prevented by administration of prolactin, suggesting a physiological role for this hormone.27 Whether other mechanisms have a role in lactating women, such as differential fat oxidation in liver and muscle, differences in catecholamine sensitivity,28 or differences in fat coupling to the recently described nutritionally dependent glycerophosphate shuttle,29 is as yet unresolved.
Our results suggest that during lactation the non-lactational component of maternal energy expenditure is reduced, which could provide some of the energy cost of milk production. This could explain why the theoretical recommended dietary allowances of several expert bodies are apparently higher than those observed in field research.
We thank all our volunteers; the consultant obstetricians of this hospital for allowing us to study the patients under their care; Mrs Jean Baty tions in the late 1940s were of the order of 100 000 cases a year, compared with less than half that number today. Before the introduction ofroutine vaccination in 1957 it is likely that almost all the population was infected by adulthood'; nevertheless, by no means all adults were conscious of having had whooping cough as a child, so that it was clearly an infection which could pass unrecognised if the classical whoop was absent. A severe case of whooping cough in a young child may be a terrifying, unforgettable, and protracted experience for the parents with the possibility of serious sequelae for the child. James etalin 1956 reported whooping cough as the most likely cause ofpulmonary collapse in children.' In 1946-7 the case fatality rate ofnotified whooping cough was roughly one in 100, declining to about one in 500 in 1950-1 and to one in 3000 today.
Johnston et al and the Swansea Research Unit of the Royal College of General Practitioners reported on the short term pulmonary consequences of whooping cough.34 Both studies detected an increased prevalence of respiratory symptoms in primary school children who had had whooping cough. Contrary to the findings of Johnston et al, the Swansea Research Unit found a small but significant reduction in lung function up to the age of 7, but not thereafter. We have analysed the long term consequences of whooping cough.
Subjects and methods
The Medical Research Council's National Survey of Health and Development is a longitudinal study of 5362 women and men who were born in the first week of March 1946 in England, Scotland, and Wales.5 The original population was sampled to include all the children of agricultural and nonmanual workers and a one in four sample of children of manual workers. Population estimates may be obtained by statistical reweighting of the data.
